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glass substrates at room temperature by ion beam assisted
deposition technique at different deposition rates (0.1–0.3 nm/
s). The effects of the deposition rate on the structural, optical
and electrical properties of the deposited films have been
studied. The optical constants of the deposited films were
calculated by fitting the transmittance spectra using the semi-quantum model. Considering the application for the electro-
magnetic wave shielding which needs a high IR reflectance, the
optimising deposition rate is 0.2 nm/s. The films prepared at this
deposition rate shows a relative high IR reflectance (60%), a
good electrical conductivity (5 103V cm), and a reasonable
transmittance in the visible region (over 80%). 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1 Introduction Indium tin oxide (ITO) film is a wide
band gap semiconductor and has been widely used in many
electronics and optoelectronics applications, such as flat
panel displays, organic light emitting diodes (OLED) and
solar cells, because of its high transmittance in the visible
region and high electrical conductivity [1–3]. In addition, its
high infrared reflection has also found the applications in
thermal insulation of windows and in some electromagnetic
wave shielding [4, 5]. ITO film also exhibits its excellent
substrate adherence, hardness and chemical stability. Due to
these excellent properties of ITO films, the study on it has
never been interrupted.
Many physical and chemical deposition techniques have
been used for fabricating the ITO films, such as various
evaporation and sputtering techniques, and several chemical
vapour deposition techniques. Generally, in order to get the
ITO films with high transmittance and good electrical
conductivity using these deposition techniques, the substrate
needs to be heated during the deposition process, or post-
deposition annealing is needed [6, 7]. Recently, there is agrowing interest in applying organic substrates for liquid
crystal display devices and light emitting diodes as they are
lighter and thinner than glass substrates. As the organic
substrates cannot withstand the high temperature, preparing
the ITO films at low temperature, particularly at room
temperature, is full of challenge.
Although sputtering and reactive evaporation technique
can produce ITO films with low electrical resistivity, the
oxygen gas flow during the deposition processes needs to be
controlled very precisely. Some small variations on oxygen
flow will result in a big different on ITO films properties. It
has been found that the ion beam assisted deposition (IBAD)
technique is a suitable technique for low temperature deposition.
By using this deposition technique, one gets more flexibility in
controlling film properties and the ITO films prepared at room
temperature without any post-deposition annealing has a high
transmittance and good electrical conductivity. It is also a low
cost production technique [8–11]. In this work, the physical
properties of ITO films prepared at different deposition rates
by IBAD technique have been studied. 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 1 Deposition conditions and some properties of ITO films prepared at different deposition rates.
sample D1 D2 O2 D3
deposition rate (nm/s) 0.3 0.2 0.15 0.1
deposition time (s) 718 1 033 1 353 2 004
thickness (nm) 230 215 228 224
sheet resistance (V/square) 323 51 94 1.4 106
resistivity (103V cm) 34 5 10 1.4 105
carrier concentration (1020 cm3) 1.3 2.7 0.8 1.9 103
Hall mobility (cm2/V s) 7 21 37 1
surface roughness by AFM (nm) 2.5 1.4 0.3 1.2
d-spacing between (222) planes (nm) (standard value d0¼ 0.2923 nm) 0.3039 0.2973 0.2967
grain size along (222) direction (nm) 16 6 8
measured IR reflectance at 12 000 nm 37% 63% 45% 20%
calculated IR reflectance 14% 62% 45% 0%
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Figure 1 XRD patterns of the ITO films deposited at different
deposition rates.2 Experimental details ITO films were deposited
onto commercial k9 glass substrates at room temperature by
IBAD technique using a vacuum coater equipped with two
electron beam guns (only one of them was used in this work)
and a Kaufman ion source. ITO powder pellet with
a composition of 90wt.% In2O3 and 10wt.% SnO2 was used
as the evaporation source material. A 120mm diameter
Kaufman ion source was used to generate oxygen ion beam.
The oxygen gas flowwas controlled by amass flow controller.
The deposition rate and the film thickness were monitored and
controlled by a quartz crystal sensor which has been linked to
e-beam power supply for automatic controlling. The nominal
deposition rate was set to be 0.1, 0.15, 0.2 and 0.3 nm/s,
respectively. The thickness was preset at 200 nm. The film
thickness indicated in Table 1 was obtained by fitting the
transmittance spectra. The substrate holder was rotated at a
speed of 0.3 rounds/s. The angle between the incident oxygen
ion beam and the normal of the substrate holder was fixed
at 458. Before the deposition, the chamber was evacuated until
a pressure of 1 103 Pa. After that, the oxygen gas was
introduced into the chamber. The oxygen flow was set to be
40 sccm, and the dynamic pressure in the chamber was about
2.3 102 Pa.During all depositions, the ionbeamcurrent, the
accelerating voltage and the screenvoltagewerekept constants
at 100mA, 250 and 500V, respectively.
The optical transmittance spectra of the films were
recorded by Perkin-Elmer Lambda 900 UV/VIS/NIR spec-
trometer and the infrared reflectance wasmeasured by Perkin-
Elmer SpectrumGX at angle of incidence of 608 related to the
substrate normal. Atomic force microscopy (AFM) measure-
ments were made using the equipment from Digital
Instruments Veeco Metrology Group. The X-ray diffraction
was done by SHIMADZUXRD-6000 performed between the
2u values of 20 708with a step of 0.058. The Hall effect was
measured using Lake Shore 665 with a 5 kG magnetic field
intensity at room temperature. All the experimental error
depends on the respective measuring equipments.
3 Results and discussion X-ray diffraction patterns
of the ITO films show that the films prepared at the
deposition rate lower than 0.2 nm/s have a cubic In2O3www.pss-a.comstructure [12] with a preferred orientation along the (222)
direction. As exhibited in Fig. 1, the film deposited at high
deposition rate (higher than 0.3 nm/s) shows an amorphous
structure. Although the ITO powder pellet with a compo-
sition of 90wt.% In2O3 and 10wt.% SnO2 was used as the
evaporation source material, during the evaporation, the
oxygen may get lost. As the deposition rate is increased, the
e-beam power must be increased. That may result in more
lost of the oxygen. It meansmore oxygenmust be introduced 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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oxygen flow constant for all the deposition rates, it may not
enough to form the polycrystalline ITO films at high
deposition rate and result in an amorphous structure. The
distance between the (222) crystal planes has been calculated
and the crystalline dimension along the (222) direction has
been estimated using Scherrer formula [13] by fitting the X-
ray diffraction peak. The results are given in Table 1. It has
been found that the distance between the (222) crystal planes
for all the polycrystalline ITO films are higher than the
standard stress-free value (0.2923 nm) [12], and the
difference becomes big as the deposition rate is increased.
It means that there are compressive stresses in all the
polycrystalline films and the stress value is increased as the
deposition rate is increased. Although the ITOfilm deposited
at 0.2 nm/s is subject to a big compressive stress, it has a big
crystalline size.
The surface morphology of the ITO films deposited at
different deposition rates was studied by AFM in a non-
contact mode as shown in Fig. 2. The surface roughness [root
mean square (rms) value] has been calculated for the
different ITO films and is listed in Table 1. The ITO filmFigure 2 (online colour at: www.pss-a.com)AFM images (3mm 3
rates.
 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimprepared at 0.15 nm/s has a smooth surface and the ITO film
prepared at 0.3 nm/s has a rough surface. Generally,
crystalline film has the rough surface [14]. However, our
amorphous ITO film shows a rough surface comparing to the
crystalline films. At the high deposition rate, there is
no enough oxygen to form stoichiometric ITO film and
metal rich ITO film may be formed and results in a rough
surface.
Figure 3 shows the specular transmittance spectra of the
ITO films prepared at different deposition rates. It can be
seen that the transmittance decreases as the deposition rate is
increased. As we kept oxygen flow constant for all the
deposition rates, the ITO films deposited at high deposition
rate can not be fully oxidized and result in a decrease of the
transmittance. It can be seen that the transmittance of the ITO
films show a big decrease when the deposition rate is higher
than 0.2 nm/s. It means the deposition rate must be kept
below the 0.2 nm/s in order to get ITOfilmswith good optical
properties.
In order to calculate the optical constant of the ITOfilms,
the transmittance (between 400 and 1 800 nm) have been
fitted using semi-quantum model [15, 16] combined withmm) of the surface of the ITO films deposited at different deposition
www.pss-a.com
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Figure 3 Specular transmittance as a function of the wavelength
for the ITO films deposited at different deposition rates.
Table 2 Fitting parameters.
sample D1 D2 O2 D3
e1 0.20 3.69 3.33 4.23
vp (cm
1) 474 10 110 7 195 4 895
gd (cm
1) 1 00 000 528 731 853
vLO1 (cm
1) 2 58 520 6 654 7 200 5 783
gLO1 (cm
1) 2 00 000 4 758 5 069 3 672
vTO1 (cm
1) 320 6 584 7 132 5 774
gTO1 (cm
1) 47 787 4 653 5 052 3 760
vLO2 (cm
1) 4 504 35 861 36 809 25 286
gLO2 (cm
1) 3 378 6 650 9 974 5 174
vTO2 (cm
1) 14 514 33 593 33 651 25 148
gTO2 (cm
1) 52 428 5 750 7 731 5 088
discrepancy 0.005 0.005 0.005 0.005Drude model. The dielectric function can be described as
follows:0.4
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Figure 4 Refractive index (a) and extinction coefficient (b) as a
function of the wavelength for the ITO films deposited at different
deposition rates.The first term is the semi-quantum model and it
represents the dielectric function as a product of individual
oscillator terms. For each term there are four parameters,
where vjTO, g jTO, vjLO and g jLO are the resonance
frequencies and damping constants of the transverse and
longitudinal optical modes, respectively. e1 is the ‘high-
frequency’ contribution to the dielectric function. The
second term is the Drude model contribution which is used
to modify the free electron properties. Very good fits have
been obtained for all the ITO films using these models. The
fitting parameters are listed in Table 2.
After fitting, the refractive index and extinction coeffi-
cient can be obtained as shown in Fig. 4. It can be seen that
the extinction coefficient for ITO films increases as the
deposition rate is increased. It has been seen from Fig. 3
that as the deposition rate is increased, the transmittance of
the ITO films decreases and then results in an increase of the
extinction coefficient. The refractive index of the ITO films
deposited at low (0.1 nm/s) and high (0.3 nm/s) deposition
rate have high refractive index. At the low deposition rate,
the 40 sccm oxygen flow is enough to oxidize deposited film.pss-a.comand forms the stoichiometric ITO film. The stoichiometric
ITO film has a high packing density and a high refractive
index. As the deposition rate is increased, the same oxygen
flow is not enough to fully oxidize deposited ITO films and
results in more oxygen vacancies in the deposited films and
then reduce the packing density and show a low refractive
index. When the deposition rate reaches to 0.3 nm/s, the
deposited films structure changed as shown in Fig. 1 andmay
result in the high refractive index. The thickness of the
deposited ITO films is also obtained by fitting the
transmittance. The results are listed in Table 1. All the films
show a similar thickness about 220 nm and are little bit
higher than the predefined value (200 nm).
The electrical properties of the deposited ITO films are
listed in Table 1. The ITO film deposited at low deposition 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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i arate (0.1 nm/s) has very low electron concentration and then a
very high electrical resistivity. At low deposition rate,
deposited ITOfilms are fully oxidized and only a few oxygen
vacancies exist and result in a low electron concentration. As
the deposition rate is increased, the deposited ITO films
cannot be fully oxidized and more oxygen vacancies are
formed and produce more electrons. From Table 1 it can be
seen that the films deposited at 0.15–0.2 nm/s deposition
rates have high Hall mobility, high electron concentration
and low electrical resistivity.
Figure 5 shows the reflectance FTIR spectra for ITO
films prepared at different deposition rates. The spectra
shownwere obtained for angles of incidence of 608 related to
the substrate normal. It can be seen from the figure that the
reflectance increases as the deposition rate is increased from
0.1 to 0.2 nm/s.When the deposition rate is increased further,
the reflectance decreases. There is a very simple relation
between the infrared reflection R and the sheet resistance
Rsr [17, 18]:1
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diffe
 20RIR ¼ ð1þ 2e0c0RsrÞ2: (2)The reflectance of ITO films deposited at different
deposition rates has been calculated by this equation. The
results are listed in Table 1, and to compare, the measured
reflectances at 12 000 nm are also listed in the Table. It can be
seen that only for the sample prepared at 0.15–0.2 nm/s
deposition rates, the calculated value is in good accordance24000200001600012000
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re 5 Infrared reflectance spectra for ITO films deposited at
rent deposition rates.
10 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwith themeasured value. Itmeans this equation can only give
good results for samples with low sheet resistance.
4 Conclusions ITO films have been deposited onto
glass substrates at different deposition rates by IBAD
technique. During all the deposition processes, the oxygen
flow is kept constant at 40 sccm and the deposition rate
is varied from 0.1 to 0.3 nm/s. The films deposited at low
deposition rate (lower than 0.2 nm/s) show polycrystalline
structure and give a preferred orientation along the (222)
direction. The films prepared at high deposition rates
(higher than 0.3 nm/s) show an amorphous structure. All
the polycrystalline structure ITO films are subject to a
compressive residual stress and as the deposition rate
increases, the residual stress increases. The film deposited
at high deposition rate leads to a high surface roughness.
The films prepared at low deposition rate (0.1 nm/s) show
high optical transmittance. As the deposition rate increases,
transmittance is decreased. The films deposited at the
deposition rate of 0.15–0.2 nm/s exhibit good electrical
properties (5–10 103V cm). Considering both the optical
and electrical parameters, the deposition rate should be kept
between 0.15 and 0.2nm/s. The ITOfilms deposited at 0.2 nm/
s deposition rate gives high IR reflectance which is very useful
for some electromagnetic wave shielding applications.
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